We present results from a comprehensive laboratory study of the frictional strength and constitutive properties for all three active strands of the San Andreas Fault penetrated in the San Andreas Observatory at Depth (SAFOD). The SAFOD borehole penetrated the Southwest Deforming Zone (SDZ), the Central Deforming Zone (CDZ), both of which are actively creeping, and the Northeast Boundary Fault (NBF). Our results include measurements of the frictional properties of cuttings and core samples recovered at depths of~2.7 km. We find that materials from the two actively creeping faults exhibit low frictional strengths (μ =~0.1), velocity-strengthening friction behavior, and near-zero or negative rates of frictional healing. Our experimental data set shows that the center of the CDZ is the weakest section of the San Andreas Fault, with μ =~0.10. Fault weakness is highly localized and likely caused by abundant magnesium-rich clays. In contrast, serpentine from within the SDZ, and wall rock of both the SDZ and CDZ, exhibits velocity-weakening friction behavior and positive healing rates, consistent with nearby repeating microearthquakes. Finally, we document higher friction coefficients (μ > 0.4) and complex rate-dependent behavior for samples recovered across the NBF. In total, our data provide an integrated view of fault behavior for the three active fault strands encountered at SAFOD and offer a consistent explanation for observations of creep and microearthquakes along weak fault zones within a strong crust.
Introduction
Understanding the frictional, hydrologic, and mechanical behaviors of tectonic plate boundary fault systems, including the San Andreas Fault (SAF), has been the focus of many recent fault zone drilling projects [e.g., Kinoshita et al., 2009; Townend et al., 2009; Zoback et al., 2011] . These initiatives have recovered samples of fault rock and gouge and conducted measurements of in situ stress, fluid chemistry, and temperature at depths where earthquakes nucleate. Samples and data emerging from these drilling projects provide an unparalleled opportunity to gain new insight into absolute fault strength [e.g., Brune et al., 1969; Zoback et al., 1987; Scholz, 2000; Carpenter et al., 2012] , causes of apparent fault weakness [e.g., Rice, 1992; Faulkner and Rutter, 2001; Brantut et al., 2011; Gratier et al., 2011; Lockner et al., 2011] , and the laws that govern fault slip and failure [e.g., Dieterich, 1979; Marone, 1998a; Ikari et al., 2009; Carpenter et al., 2011; Sone et al., 2012] .
The San Andreas Fault Observatory at Depth (SAFOD) drilling project was a multiphase project that penetrated three active strands of the San Andreas Fault (SAF) near Parkfield, California, at a depth of 2.7 km (Figure 1 ). The borehole is located near the southern terminus of the central creeping section of the SAF [Titus et al., 2006] , to the NW of the epicenter of the M w 6.0, 2004 Parkfield earthquake. Drilling penetrated to 3.2 km true vertical depth (TVD) [Zoback et al., 2011] , through Salinian granite and arkosic sandstone of the Pacific Plate, across the SAF, and ended in the Great Valley Formation of the North American Plate (Figure 1 ).
Phase II returned drill cuttings, 3.7 m of spot core, 52 sidewall cores, and geophysical logs. Repeat caliper logs inside the casing identified two actively creeping fault strands-the Southwest Deforming Zone (SDZ) and Central Deforming Zone (CDZ). Phase III drilling was completed in 2007 and returned cuttings and~40 m of core that spanned the two actively creeping faults. Additional details of the SAFOD project are described by Zoback et al. [2011] .
Phases I-III of SAFOD drilling in the Main Hole returned a range of samples from the fault zone and adjacent wall rock, including drill cuttings across the three actively slipping strands of the SAF and intact core across two of these strands [San Andreas Observatory at Depth (SAFOD), 2010]. The zones of active slip were first defined in geophysical logs collected after Phase II, in combination with lithologic changes noted in drill cuttings (Figure 2 ). In total, four primary structures were identified across the~200 m wide San Andreas Fault and damage zone ( Figure 2 ): 1. A primary geologic boundary at 3150 m measured depth (MD) that marks the contact between arkosic sandstone of the Pacific Plate and shale/siltstone of the Great Valley Sequence of the North American Plate. This boundary is interpreted to be the ancestral (now inactive) SAF. 2. The Southwest Deforming Zone (SDZ) at 3192 m MD, a fault characterized by active creep over a 1.5 m wide gouge zone documented by casing deformation [Zoback et al., 2011] . This marks the southwest edge of the interpreted 200 m wide modern SAF zone and lies 100 m vertically above the M~2.0 "Hawaii" cluster of repeating earthquakes [Thurber et al., 2010] . 3. The Central Deforming Zone (CDZ) at 3302 m MD, characterized by a 2.6 m wide gouge zone and significant casing deformation. This is the primary strand of active creep at the depth of the SAFOD hole. 4. The Northeast Boundary Fault (NBF) at 3413 m MD, characterized by changes in sonic velocity and lithology ( Figure 2 ). This marks the northeast edge of the interpreted SAF zone and is thought to host the M~2.0 "Los Angeles" and "San Francisco" repeating earthquake clusters located updip of the SAFOD borehole intersection with the fault [Thurber et al., 2010] . Parkfield earthquake, and approximate boundary of the creeping segment on topographic (pink lines) base map with faults (dark blue lines) as compiled by Dibblee [1973] . (bottom) Geologic cross section [Thayer et al., 2004; Zoback et al., 2011] at the location of the SAFOD borehole (red line).
The stars indicate the approximate positions of repeating earthquake clusters. The blue dashed box indicates the approximate location of the geophysical logs shown in Figure 2 .
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A number of recent studies have reported on the frictional properties of materials returned from the SAFOD project, as well as outcrop samples of rock units that abut the fault at depth [e.g., Tembe et al., 2006; Carpenter et al., 2009 Carpenter et al., , 2011 Carpenter et al., , 2012 Gratier et al., 2011; Lockner et al., 2011; Coble et al., 2014; French et al., 2015] . These studies show that the crust surrounding the fault is frictionally strong but that the active San Andreas Fault is weak. Drill cuttings from the country rock exhibit friction values consistent with Byerlee's law (μ = 0.40-0.66) [Tembe et al., 2006; Carpenter et al., 2009] , whereas clay and serpentine grains separated from the cuttings are slightly weaker (μ = 0.30-0.50) [Morrow et al., 2007] . Experiments on cuttings from the CDZ document a low coefficient of friction (μ < 0.25), low (near-zero) rates of frictional healing, and strong localization of these mechanical properties to the creeping gouge zone [Carpenter et al., 2011] . These behaviors are correlated with the presence of magnesium-rich clays, suggesting that clay mineralogy is an important control on the strength and healing behavior of the fault, at least at these depths [e.g., Schleicher et al., 2010; Bradbury et al., 2011; Holdsworth et al., 2011; Hadizadeh et al., 2012; Richard et al., 2014] .
Experiments performed on powdered core from within and surrounding both the SDZ and CDZ show that abundant magnesium-rich clay (saponite and corrensite) localized within the faults results in low frictional strength (μ < 0.15), whereas the surrounding rock is stronger (μ = 0.3-0.6) [Carpenter et al., 2011; Lockner et al., 2011; Coble et al., 2014] . This is consistent with several studies that have documented the important role of gouge composition-and clay content in particular-on frictional properties [e.g., Lupini et al., 1981; Logan and Rauenzahn, 1987; Brown et al., 2003; Ikari et al., 2009] . In other cases, fault weakness arises from a combination of shear fabric and phyllosilicate content [e.g., Collettini et al., 2009 Collettini et al., , 2011 Haines et al., 2013; Warr et al., 2014] .
Experiments performed on intact core samples recovered across the CDZ [Carpenter et al., 2012] show that the actively creeping fault is weak (μ < 0.1) and document an abrupt transition to stronger wall rock (μ > 0.4) over a distance of less than 0.5 m. Carpenter et al. [2012] reported velocity-strengthening frictional behavior for material from the CDZ, and instances of velocity-weakening behavior in wall rock to the NE, raising the possibility that earthquakes could nucleate in wall rock. Furthermore, because clay-rich gouge is observed to transition to pressure-independent shear strength at effective normal stresses above~40-60 MPa [e.g., Saffer and Marone, 2003] , Carpenter et al. [2012] suggested that the strength of the CDZ might remain nearly constant in the upper~8 km rather than increasing linearly as is commonly assumed for faults in the brittle crust. The values of μ (and estimates of in situ shear strength) derived from experiments on core samples of the CDZ are sufficiently low to explain the apparent weakness of the SAF as inferred from both heat flow and directional constraints [Lachenbruch and Sass, 1980; Zoback et al., 1987; Lockner et al., 2011; Carpenter et al., 2012; Coble et al., 2014] .
A number of laboratory studies have been conducted on SAFOD samples. However, many of these included a limited suite of drill cuttings or powdered samples and did not include measurements on intact fault rock. To date, a comprehensive view of the frictional strength and constitutive properties spanning the active SAF system is lacking. Here we expand on previous studies by (1) reporting data for strength and friction constitutive properties spanning all three active fault strands penetrated by SAFOD drilling, including the NBF; (2) presenting detailed data describing the dependence of friction constitutive properties on normal stress and velocity for material from the CDZ; and (3) exploring the implications of our data set, that transects the whole of the active fault zone at SAFOD, for fault strength and observed modes of fault slip.
Methods
Experimental Materials
We tested a suite of drill cuttings and core samples spanning each of the three active SAFOD fault strands (Table 1) . For the NBF, our samples include seven sets of drill cuttings, collected every~3 m during Phase II (no cores were taken across the NBF). For the SDZ and CDZ, we studied both intact fault rock and powdered samples obtained from coring during Phase III drilling. For the SDZ, we performed experiments on 11 samples, including two samples of wall rock to the SW, three samples of fault gouge, four samples of serpentine from within the fault zone, and two samples of wall rock to the NE. For the CDZ, we conducted experiments on 10 samples, including two from wall rock to the SW, five samples of fault gouge, and three samples of wall rock to the NE [Carpenter et al., 2012] . All reported measured depths for our samples have been registered to Phase II downhole geophysical logs (Figure 2 ) [SAFOD, 2010] .
Wall rock on the SW side of the SDZ is described as a hard, massive gray-black shale [SAFOD, 2010] . Compositionally, it is dominated by smectite, quartz, and feldspar, with minor amounts of illite and chlorite/kaolinite (Table S1 in the supporting information). The foliated fault gouge of the SDZ is composed of an intensely sheared, noncohesive matrix surrounding polished porphyroclasts of the surrounding wall rock and serpentine. It is characterized by high clay content (>80 wt %; Table S1 ) [Lockner et al., 2011] and in some areas contains abundant chrysotile. Corrensite has been identified as the main clay species present [Lockner et al., 2011] . Several intact blocks of serpentine were also recovered 
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from the SDZ; these are highly fractured and contain calcite veins. These blocks are composed dominantly of lizardite, with increased chrysotile content in blocks that are more intensely sheared (D. Moore, personal communications). Wall rock on the NE side of the fault is composed of sheared thinly bedded shales and siltstones and contains more clay and less feldspar than wall rock to the SW (Table S1 ).
Wall rock on the SW side of the CDZ is primarily sheared siltstone and sandstone. X-ray diffraction (XRD) analysis shows that it is composed mainly of quartz and feldspar, with minor amounts of smectite, illite, chlorite/kaolinite, and calcite (Table S1 ). Foliated gouge from within the CDZ is macroscopically similar to the gouge observed in the SDZ, with zones of intensely sheared, noncohesive gouge surrounding elongated and polished porphyroclasts of wall rock and serpentine. XRD analysis of CDZ gouge indicates that saponite is the main smectite species present [Lockner et al., 2011; Carpenter et al., 2012] and that the total smectite content varies across the fault but is consistently higher than 80 wt %. Within the CDZ, quartz and feldspar are present only in minor amounts. Wall rock to the NE of the CDZ is composed of highly sheared siltstones and mudstones, containing abundant quartz, feldspar, and calcite, with overall clay content decreasing with distance from the fault (Table S1 ). Examination of core containing the CDZ indicates the presence of both Mg-rich clay (saponite) coatings [Schleicher et al., 2010] and thick, Mg-rich clay zones throughout the active fault [Holdsworth et al., 2011] .
To date, samples surrounding the NBF have been less extensively characterized than the SDZ and CDZ, primarily because this fault strand was sampled only by drill cuttings. Solum et al. [2006] interpreted a lithologic break across the fault ( Figure 2) ; rocks to the southwest of the NBF are shale dominated, whereas those to the northeast are primarily siltstones. XRD analysis of our cuttings documents a composition of 50% quartz + feldspar,~10% smectite,~10% illite, and~25% chlorite + kaolinite, with a slight increase in quartz and decrease in chlorite/kaolinite across the fault (Table S1 ).
Experimental Methods 2.2.1. Experimental Procedure
We performed shearing experiments on both intact fault rock obtained from core and on powdered cuttings. Cuttings were washed with local surface water at the SAFOD drill site and then air dried before packaging. Once obtained from storage, a magnet was run through the cuttings to remove small slivers of casing, and they were dried at 40°C before being pulverized and sieved to <125 μm [Carpenter et al., 2011] . Rubble derived from the core was prepared in the same way as the cuttings. Wafers of intact fault rock were cut by shaping material from the core in an orientation parallel to shear, as identified by the core axis and visual observation of the macroscopic shear fabric [Carpenter et al., 2012] . Intact samples of gouge were kept at 100% relative humidity until used in experiments. For powdered gouge, we sheared specimens in a double-direct shear configuration (Figure 3 ) (see Ikari et al. [2009] for details). For intact fault rock, due to the limited volume of material available, we sheared samples in a single-direct shear configuration (Figure 3) [e.g., Carpenter et al., 2012] .
All experiments were conducted under controlled conditions of constant effective normal stress (σ n ′), confining pressure (P c ), and pore pressure (P p ). Samples were saturated with a synthetic brine designed to match the major ion chemistry (Na + , Ca 2+ , K + , and Cl À ) measured in the SAFOD borehole [Thordsen et al., 2005] . Most of our experiments were performed at 25 MPa effective normal stress in order to compare the behavior and constitutive properties of all three faults under similar conditions. For powdered fault gouge and intact wafers of the CDZ, we also explored a range of effective normal stresses from 7 to 100 MPa [Carpenter et al., 2012] .
Samples were first assembled as shown in Figure 3 , jacketed, and saturated under a confining pressure (P c ) of 1.0 MPa and an effective normal stress (σ n ′) of 1.5 MPa. Effective stress was then increased to the target value, and the sample was allowed to equilibrate until specimen pore pressure and layer thickness stabilized. After equilibration, a shear "run-in" at 10 μm/s was performed in each experiment to develop a steady state shear fabric and to define the coefficient of friction (μ) (Figure 4 ). We report friction coefficient as the ratio of shear stress to effective normal stress, assuming zero cohesion. Following the run-in, we conducted a series of velocity-stepping and slide-hold-slide tests to measure friction constitutive properties (Figures 4 and 5) [e.g., Dieterich, 1979; Ruina, 1983] . We stepped sliding velocity in a sequence from 1 to 300 μm/s for the majority of our experiments and conducted holds ranging from 3 to 1000 s.
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Friction Constitutive Properties
From our velocity-stepping experiments, we describe the rate dependence of friction using the friction rate parameter (a À b):
where μ ss is the steady state friction coefficient and V is the sliding velocity. Positive values of (a À b), termed velocity strengthening, are associated with stable sliding and inhibit rupture nucleation [Gu et al., 1984] . Negative values, termed velocity weakening, are a prerequisite for unstable slip and earthquake nucleation. We determined values of a À b and other constitutive parameters ( Figure 5 ) by fitting our data using an inverse modeling technique [e.g., Reinen and Weeks, 1993; Blanpied et al., 1998 ] with the Dieterich (aging) law for friction with two state variables [Marone, 1998a] : Journal of Geophysical Research: Solid Earth
where a, b 1 , and b 2 are the empirically derived constants (dimensionless); θ 1 and θ 2 are the state variables (units of time); and D c1 and D c2 are the critical slip distances. Most of our data are fit well with a one-state variable friction law (D c2 = D c1 , and thus, b 2 = θ 2 = 0). However, some of our data required two state variables. We report values of (a À b) and define b = b 1 + b 2 in the case of two state variables. We used the two-state variable friction law when the raw data could not be adequately fit with the one-state variable friction law. In most cases, this is evident from the existence of friction evolution over both short and long distances. Moreover, in these cases the friction inversions did not converge; in other cases, even if the solution converged within a specified overall error/misfit, the model produced a poor fit to the raw data on the basis of visual examination. Our goal in inverting for the rate and state parameters was to determine a, b, and D c from the experimental data. Uncertainty in the stiffness of the loading system has been shown to have nontrivial affects on the determined rate and state parameters [Noda and Shimamoto, 2009] . In order to reduce this error, in our inversions we begin with the measured stiffness of the apparatus based on the applied vertical load (that is, accounting for nonlinearity in stiffness at low loads) and then measure the stiffness for each velocity step and allow for minor changes that may arise from thinning of the layer and changes in porosity. Furthermore, while not the goal of this study, we note that there is a variety of "designer" friction laws that have been invoked to describe possible physical mechanisms underlying complex responses to velocity perturbations [e.g., Reinen et al., 1991; Kato and Tullis, 2001; Niemeijer and Spiers, 2007] . 
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Examples of fits to five velocity steps (at 25 MPa effective normal stress) are shown in Figure 5 . Figures 5a and 5b show velocity-strengthening and velocity-weakening friction behaviors, respectively, in which the friction parameters a and b are both positive. In both cases, a two-state variable friction law fits the data better and reflects two stages of evolution, one over a short critical slip distance (<20 μm) and another over a longer critical slip distance of >100 μm. We also observe behavior in which the parameter b is best fit by a 
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negative value (Figure 5c ) or is zero (Figure 5d ). Finally, in some cases, two state variables are needed to explain the data, with b 1 and b 2 having opposite signs (Figure 5e ) [Noda and Shimamoto, 2009] . In the velocity step shown in Figure 5e , we find (a À b 1 ) = 0.0007, indicating near-velocity neutral behavior, with D c1 = 8 μm. However, the overall behavior shows a À (b 1 + b 2 ) = 0.0121, reflecting strong velocitystrengthening behavior over larger slip distances, with D c2 = 23 μm. , and frictional healing rate (β) for the three fault strands, with P wave velocity for reference. The symbols are colored based on lithology SAFOD, 2010] . All data are for 25 MPa effective normal stress. The gray shaded areas indicate the locations of the SDZ and CDZ based on recovered core and geophysical logs; the dashed line shows the interpreted location of the NBF from geophysical logs. The green and yellow shaded areas indicate the limits on the effective friction coefficient interpreted from heat flow measurements [Lachenbruch and Sass, 1980] and directional constraints [Zoback et al., 1987] .
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Slide-hold-slide tests are used to determine the rate of frictional healing (β):
where Δμ is the increase in peak friction after a hold of time t h , relative to the initial value of sliding friction (Figure 5f ). Both positive healing rates and velocity-weakening friction behavior are required for repeated earthquakes [Brace and Byerlee, 1966; Dieterich, 1978] .
Results
Our results show that the SDZ and CDZ are both weak relative to the surrounding wall rock and weak in an absolute sense, with μ =~0.1 (Figures 6 and 7 , Table 1 , and Table S2 ). Additionally, these two fault strands exhibit low to negative healing rates and velocity-strengthening frictional behavior (Figure 6 ), both of which are consistent with the observation of aseismic creep. Serpentine samples from within the SDZ and wall rock near both the SDZ and CDZ exhibit velocity-weakening friction for some experimental conditions, raising the possibility that they may be capable of hosting earthquake nucleation. In contrast, the NBF is frictionally stronger, with μ = 0.46, and we observe no clear changes in frictional strength or constitutive parameters across the fault. However, these measurements were only conducted on cuttings, so sample mixing and the loss of some clays are likely. Our results and their implications for fault behavior are discussed more fully below.
Southwest Deformation Zone
Intact fault rock from the SDZ exhibits friction coefficients ranging from μ = 0.12 to 0.15 ( Figure 6 ). These friction values are slightly lower than those previously reported for powdered core from the SDZ (μ = 0.15-0.21) [Lockner et al., 2011] , suggesting that in situ fabric could be important in controlling fault strength and frictional properties [e.g., Collettini et al., 2009; Niemeijer et al., 2010] . Samples of powdered serpentine, obtained from large serpentine blocks within the fault gouge, exhibit steady state friction coefficients of μ = 0.29-0.51, and their friction decreases with increasing chrysotile content (Figures 4a and 6 , Table 1, and  Table S1 ).
Our data show that within 1 m of the actively creeping fault, frictional strength increases abruptly to values of μ > 0.35, consistent with friction coefficients for shale and siltstone lithologies [e.g., Ikari et al., 2009 . We find a near-zero or slightly negative healing rate for intact samples from the actively creeping fault, consistent with previous experiments on similar material recovered from the CDZ [Carpenter et al., 2011 [Carpenter et al., , 2012 . The frictional healing rate is positive for the serpentine blocks from the fault zone, and for wall rock on both sides of the active fault (0.0018 ≤ β ≤ 0.0077), with the lowest rates observed in the chrysotile-rich serpentine ( Figure 6 ). Intact wafers of SDZ gouge exhibit strong velocity-strengthening behavior (a À b = 0.005-0.012). The serpentine and wall rock samples also generally exhibit velocitystrengthening behavior (0.002 ≤ a À b ≤ 0.010), although a few instances of velocity-weakening friction behavior are observed for one serpentine sample from the fault and one wall rock sample from the SW (À0.0015 ≤ a À b ≤ 0.005).
Central Deformation Zone
Our experimental data set shows that the center of the CDZ is the weakest section of the San Andreas Fault, with μ =~0.10 ( Figure 6 ). Furthermore, fault weakness is highly localized to the CDZ, with an abrupt increase to higher strength (μ = 0.41-0.51) within the wall rock over distances of~10 cm, consistent with previous work [Lockner et al., 2011; Carpenter et al., 2012; Coble et al., 2014; French et al., 2015] . Here we expand upon previous work [Carpenter et al., 2012] with additional measurements that provide improved spatial resolution of frictional strength and constitutive properties across the fault and for a broader range of normal stresses and velocities ( Figure 6 ). Additionally, we also report data for the individual friction rate parameters, a and b. 
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show mainly velocity-strengthening behavior (0.001 ≤ a À b ≤ 0.013) with one case of velocity weakening, (a À b) = À0.009 in a sample from the NE side of the CDZ. We find that intact fault rock and powders of the same material exhibit similar values of friction coefficient, healing, and velocity dependence.
Taken together, our data and the results previously reported by Carpenter et al. [2012] show that for the CDZ, the friction rate parameter (a À b) generally decreases with increasing normal stress (Figure 7a ), although all samples remain in the velocity-strengthening regime. This is consistent with the results of experiments on similar clay-rich gouges that show values of (a À b) = 0.002 at elevated temperature and stress [Lockner et al., 2011; Coble et al., 2014] . For both intact and powdered samples, the parameter b remains near zero or negative and systematically approaches zero with increasing effective normal stress (Figures 7b and 7c) . The behavior of the parameter a is more complex; for intact wafers of fault material, a remains nearly constant to 70 MPa effective normal stress and decreases at higher stress (100 MPa), whereas for powdered gouge, it decreases with effective normal stress below~50 MPa and remains approximately constant at higher normal stresses (Figure 7 ).
Our data show that within the range of velocities we explored (1-300 μm/s), both a and b approach zero as normal stress increases, with the greatest difference in their magnitudes occurring at the lowest effective normal stress (Figures 7b and 7c) . Furthermore, for powdered gouge, a, b, and (a À b) vary with sliding velocity, such that the friction rate parameter (a À b) increases with increasing sliding velocity (Figures 8a and 8b ). This effect is most pronounced at low effective normal stress and decreases with increasing stress. Our values are broadly consistent with other reported values of a, b, and (a À b) in experiments performed on natural smectiterich claystones at similar effective normal stresses [e.g., .
Northeast Boundary Fault
Our data show that frictional strength is nearly uniform across the NBF, with friction coefficients ranging from μ = 0.42 to 0.46 (Figure 6 ), consistent with previously reported values [Tembe et al., 2006] . The rate of frictional healing is also nearly constant across the NBF, with values of β in the range of 0.0040-0.0055. Overall, samples surrounding the NBF exhibit frictional healing rates of (0.0035 ≤ β ≤ 0.0070). We observe uniformly velocitystrengthening behavior (0.001 ≤ a À b ≤ 0.011) for these samples, with the minimum values for samples immediately to the SW of the fault, obtained at the slowest (1-3 μm/s) velocity steps ( Figure 6 ). 
Implications for Strength and Slip Behavior of the SAF
The overall mechanical behavior of the San Andreas Fault near Parkfield, CA, depends on the properties of all three active fault strands intersected in the SAFOD borehole. At the location of the borehole, the 1.5 m wide SDZ and 2.6 m wide CDZ are actively creeping [Zoback et al., 2011] . The CDZ is thought to be the main strand of the active SAF accommodating plate motion [Zoback et al., 2011; Moore, 2014] . Our experimental results are consistent with these observations: in that, (1) both the CDZ and SDZ are frictionally weak, (2) both exhibit friction constitutive behavior favoring aseismic (stable) sliding, and (3) the CDZ exhibits the lowest strength of the three strands. Our data also document velocity-weakening friction behavior in wall rock to the SW side of the CDZ, and we identify complex rate-dependent behavior in material near NBF, both of which may help explain the occurrence of repeating small earthquakes on the NBF [e.g., Carpenter et al., 2012] .
The rate-dependent behavior we observe for material from within the CDZ, and its evolution with normal stress, suggests that ruptures initiating to the south, such as the 2004 Parkfield earthquake [Langbein et al., 2005] , would likely propagate into the CDZ at depth where the frictional strength is low and the velocity dependence of friction is slightly positive. In this scenario, we expect that propagation to the surface would be inhibited because the gouge becomes increasingly velocity strengthening at low normal stress and at higher velocities. This is consistent with models of coeseismic and postseismic slip for the 2004 Parkfield earthquake that show propagation of seismic slip into the transition zone near SAFOD, followed by significant postseismic slip that increases with depth [Johanson et al., 2006] .
The behavior of the fault at the SAFOD site is likely complicated due to its location between the locked section to the south and the creeping section of the SAF [Zoback et al., 2011, and references therein] . Although our mechanical data are consistent with the CDZ exhibiting the largest amount of casing deformation, creep on the SDZ and repeating earthquakes on both the SDZ and NBF indicate that these faults also accommodate strain. The interaction of these fault strands is likely to be complicated in this region, because fault slip transitions from dominantly seismogenic, south of Parkfield, to aseismic creep, north of SAFOD, and perhaps due to geometric complexity along strike. If the SDZ and CDZ are indeed coalescing strands of the SAF and extend farther to the north [Moore and Rymer, 2012] , the creeping of these faults could be loading slivers of the Great Valley Sequence or serpentine that act as competent bodies at depth [Fagereng and Sibson, 2010; Collettini et al., 2011] . If that is the case, materials related to the locked section, or perhaps the serpentine hypothesized to be present along the entire creeping section [Allen, 1968; Irwin and Barnes, 1975] , could form asperities at depth, leading to the observed mixed-mode behavior of fault failure. For example, modeling studies using rate and state friction parameters similar to those reported here show that the aseismic loading of velocity-weakening fault patches reproduces the repeating earthquakes observed near the SAFOD borehole [Marone et al., 1995; Marone, 1998b; Chen and Lapusta, 2009 ]. These asperities are one possible cause of the observed repeating earthquake clusters that have been mapped to the SDZ, approximately 100 m below the borehole, and on the NBF [Thurber et al., 2010] .
Although extrapolation of our laboratory data to different portions of the SAF system or to greater depths is complicated by heterogeneity in composition and in situ conditions, our data, taken together with observations from drilling and previous work, provide a basis for linking experimental measurements to the behavior of the broader SAF system. In particular, the fact that fault gouge used for this study was collected from seismogenic depths, and that our work includes experiments on intact core sheared in its in situ geometry, facilitates comparisons between our data and the fault's in situ characteristics. Likewise, experiments performed at elevated temperature on similar samples produce nearly identical results to ours, further suggesting that our data are representative of the in situ fault zone and may be extrapolated to greater depths [Lockner et al., 2011; Coble et al., 2014; French et al., 2015] . One key result of our work is that the Mg-rich smectite (saponite) present in the SDZ and CDZ, formed by interaction of magnesium-rich fluids derived from serpentine with the quartzofeldspathic rocks of the Great Valley sequence [e.g., Schleicher et al., 2008; Moore, 2014] , is frictionally weak and exhibits no healing. The identification of similar gouge along the SAF to the north [Moore and Rymer, 2012] , and the observation that creeping segments of the SAF all throughout California coincide with locations where serpentine abuts the fault at depth [Allen, 1968; Irwin and Barnes, 1975] , suggests that saponite could play an important role in the behavior of The low frictional strength of material from the actively creeping SDZ and CDZ is consistent with constraints on fault shear strength from measurements of heat flow and stress orientation [Lachenbruch and Sass, 1980; Zoback et al., 1987; Scholz, 2006] which show that along much of its length, the SAF supports depth-averaged shear stresses of <10-20 MPa, corresponding to an effective friction coefficient of <0.1-0.2. The observation of pressure-independent strength above normal stresses of~40 MPa [Carpenter et al., 2012] and the likely occurrence of magnesium-rich smectite clays to depths of >5 km [Schleicher et al., 2012] further indicate that the behavior we document could explain low in situ shear strength to depths well into the seismigenic crust. These findings are also generally consistent with previous work that has suggested that the central creeping section of the SAF is weak, whereas other segments may be frictionally stronger [e.g., Scholz, 2000 Scholz, , 2006 .
In terms of rate-dependent behavior, which is thought to control the mode of fault slip, behavior with no state evolution (b = 0) has been observed for clay-rich gouge at high normal stresses by Saffer and Marone [2003] , who attributed it to saturation of the real area of contact. Negative values of b have also been observed previously [Blanpied et al., 1998; Ikari et al., 2009; Sone et al., 2012 ], yet are not well explained by the widely held idea that real contact area decreases with increasing slip velocity and that the state evolution parameter b tracks this change [e.g., Saffer and Marone, 2003] . Although the microphysical foundations of frictional state evolution are clearly important (for recent works, see Nagata et al. [2008] , Putelat et al. [2011] , Bhattacharya and Rubin [2014] , and Marone and Saffer [2015] ), they are beyond the scope of this paper. We note that several other "frictional-viscous" and coupled friction/flow laws have been proposed [Reinen et al., 1992; Bos and Spiers, 2002; Noda and Shimamoto, 2010; Takahashi et al., 2011] , but these are focused primarily on special cases, and we do not consider them further here. Finally, Horowitz [1988] , Noda and Shimamoto [2009] , and Ikari et al. [2013] discussed mixed frictional behavior and suggested that some material may be potentially unstable over short slip distances but stable over longer slip distances. This may be the case in some of our samples and may warrant further study.
Summary
In total, our results document a complex set of frictional behaviors for the three faults penetrated in the SAFOD borehole and provide a consistent explanation for many of the observed fault behaviors, including absolute and relative fault weakness, highly localized active deformation, active creep along the SDZ and CDZ, and microearthquakes along the extension of the NBF. Material from both actively creeping strands (the SDZ and CDZ) is frictionally weak (μ = 0.1), exhibits no frictional healing, and is velocity strengthening, all consistent with observations of low fault strength and creep. The weakness of these faults is highly localized, with frictional strength increasing to values μ > 0.4 within <1 m into the wall rock. We also observe potentially unstable frictional behavior in wall rock near both the SDZ and CDZ and in serpentine located within the SDZ, suggesting that these materials might be involved in repeating earthquake clusters observed near the SAFOD borehole. Our work presents a comprehensive view of the behavior of the San Andreas Fault at the SAFOD site and expands on previous work by showing how fault properties will vary with depth in the shallow crust.
